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Introduction
Adaptive immunity relies on specific antigen recognition by T cells. Rapidly moving T cells scan secondary lymphoid organs in search for antigen-presenting cells (APC). Upon cognate antigen encounters through their T-cell receptors (TCR), T cells stop and spread on the APC to form a prolonged contact known as the immunological synapse (IS). 1, 2 The molecular organization at the IS regulates TCR signal integration and subsequent T-cell activation. 3 Importantly, integrity of the actin cytoskeleton is necessary for IS assembly and sustained signal integration. 4, 5 However, it remains poorly understood how the actin cytoskeleton regulates IS architecture and stability precisely, as well as early signaling events.
Multiple actin-regulatory proteins control specific actin remodeling patterns and dynamics at the IS. 6 Among them, the hematopoietic-specific actin regulator Wiskott-Aldrich syndrome protein (WASP) is of particular interest because its deficiency results in severe immunodeficiency as a consequence of multiple cellular defects. 7 WASP is known to regulate T-cell activation, as revealed by reduced proliferation and cytokine production in T cells from Wiskott-Aldrich syndrome (WAS) patients following TCR triggering. 8 The protein is normally rapidly recruited to the plasma membrane in association with lipid rafts 9 and is activated by GTPbound Cdc42 at the site of TCR stimulation. 10 WASP nucleates actin through the Arp2/3 complex, which forms new actin branches on the sides of existing actin filaments. The assembly of a branched actin network allows the formation of lamellipodial membrane extensions that build the leading edge of migrating T cells and the peripheral ring of T cells that spread on the APC surface during IS formation. 3, 11, 12 The WASP-family protein WAVE2, rather than WASP itself, appears essential for the assembly of the T-cell lamellipodium and the IS, thereby putting in question the precise function of WASP during T-cell morphology remodeling in the context of antigen recognition. 13 The role of WASP at the IS has been studied using naïve T cells from different TCR transgenic WASP-KO mice. Conflicting results have been obtained concerning whether WASP regulates actin polymerization at the IS and whether it is required for conjugate formation and correct IS assembly. 14, 15 Real-time observation of WASP-KO T cells on lipid bilayers presenting peptide-MHC complexes has recently revealed that WASP acts as a stabilizer of IS symmetry. 16 However, the role of WASP at the IS has been further challenged by the discovery that this protein can also be present in the nucleus, where it participates in the regulation of cytokine gene transcription. 17 In this context, the real-time observation of WASP-deficient T cells contacting APC is still missing and would help to elucidate whether WASP links IS dynamics and architecture to downstream T-cell signaling and activation.
In this study we employed time-lapse and 3-dimensional (3-D) microscopy approaches to study CD4 +
Vb2
+ T-cell lines derived from WAS patients, following stimulation with Epstein-Barr virus (EBV)-transformed B cells loaded with the superantigen TSST-1. This allowed us to define how WASP deficiency affects IS structure and early T-cell activation. Analysis of Wiskott-Aldrich syndrome protein expression by western blot T lymphocytes were lysed for 30 min on ice in a modified RIPA buffer containing 50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% IGEPAL, 1% sodium deoxycholate, 1 mM EDTA, 0.2 mM AEBSF, 1 mM Na3VO4, 1 mM NaF and a protease inhibitor cocktail (Sigma Aldrich). After clearing the supernatants by centrifugation, lysates were boiled in reducing sample buffer, separated through 7.5% SDS-polyacrylamide and transferred onto nitrocellulose membranes. Membranes were blocked with Odyssey blocking buffer (LI-COR Biosciences, Nebraska, USA) and incubated overnight at 4°C with anti-WASP (H250, Santa Cruz) and anti-b-actin (AC15, Sigma) antibodies. After washing, goat anti-rabbit IgG-IR Dye 800CW (LI-COR Biosciences) and goat anti-mouse-Alexa Fluor680 monoclonal antibodies (Molecular Probes) were added. WASP and b-actin expression was visualized and recorded on an Odyssey Infrared Imaging System (LI-COR Biosciences).
Design and methods

CD4
Proliferation
T cells (2×10 6 /mL) were incubated with 2.5 mM CFSE in serumfree medium for 8 min at 37°C. Labeling was then quenched with ice-cold RPMI/5% HS before washing the cells by centrifugation.
CFSE-labeled T cells (1×10
5
) were then mixed with JY cells (1×10 5 ), preloaded or not with the indicated concentration of TSST-1, in 96-well plates. Alternatively, CFSE-labeled T cells were stimulated with phytohemagglutinin (1 mg/mL) and human interleukin-2 (100 IU/mL). Proliferation was assessed after 3 days by analysis of the CFSE dilution on a BD FACScalibur and data were analyzed using FlowJo software. ) which were either unpulsed or pulsed with 10 ng/mL TSST-1, centrifuged for 2 min at 1500 rpm and incubated for 10 min at 37°C to allow conjugate formation. Cell conjugates were then allowed to sediment onto poly-L-lysine coated slides (Erie Scientific). After a total incubation time of 10, 25 or 60 min, cells were fixed for 15 min at room temperature with 3% paraformaldehyde and subsequently permeabilized with 0.1% saponin, 3% bovine serum albumin. One part of the cell conjugates was stained with phalloidinAlexaFluor-488 (Molecular Probes) and with anti-WASP antibodies (H-250; Santa Cruz Biotechnology, Inc.) followed by donkey antirabbit-AlexaFluor-555 antibodies (Invitrogen). Another part of the cell conjugates was stained with anti-α-tubulin IgG1 monoclonal antibodies (Sigma) followed by goat anti-mouse IgG1-AlexaFluor-488 antibodies (Invitrogen), anti-phosphotyrosine IgG2b monoclonal antibodies (clone pY99 from Santa Cruz Biotechnology) followed by goat anti-mouse IgG2b-AlexaFluor-633 antibodies (Invitrogen) and anti-CD45 IgG2a monoclonal antibodies (clone 9.4 produced from an hybridoma from the ATCC, Manassas, VA, USA) followed by goat anti-mouse IgG2a-AlexaFluor-546 antibodies. Slides were mounted with Vectashield mounting medium (Vector Laboratories). Randomly selected conjugates were examined with a LSM 710 confocal microscope equipped with a x63-1.4 oil immersion Plan-Apochromat objective (Carl Zeiss AG, Jena, Germany).
Confocal microscopy analysis of immunological synapse assembly
Analysis of calcium mobilization
B-EBV cells (JY) were loaded with 10 ng/mL TSST-1 for 1 h at 37°C and then stained with 2 µM DDAO. Washed DDAOlabeled JY cells were then seeded onto poly-L-lysine-coated LabTek glass slides and incubated for 1 h at 37°C. In the mean time, T cells were labeled with 1 mM Fluo-4-AM (Molecular Probes) for 45 min at 37°C, washed and then dropped onto the JY-coated slides. Fluorescence measurements were done at 37°C/5% CO2, on a Zeiss LSM-510 confocal microscope equipped with a x63-1.4 oil immersion Plan-Apochromat objective (Carl Zeiss AG). Images were collected with a zoom of 0.7, recorded every 17.9 sec and processed using the LSM software. The stability of T-cell/APC contacts was assessed by counting the proportion of T cells staying for 25 min within one cell diameter of their initial position, relative to the APC. To quantify changes in intracellular calcium concentration ([Ca 2+ ]i) at the single cell level, T cells were incubated with 2.5 mM Fura 2-AM (Molecular Probes) for 45 min at 37°C in Hepes-buffered RPMI supplemented with 5% fetal calf serum. TSST-1-pulsed JY cells (10 ng/mL) were allowed to adhere to poly-L-lysine-coated LabTek glass slides for 1 h at 37°C, before the addition of the Fura-2-loaded T cells. Fluorescence measurements were done at 37°C/5% CO2 on a Zeiss axiovert 200M inverted microscope equipped with a charge-coupled device camera (Princeton Instruments, Trenton, NJ, USA), an arc-xenon lamp, a computer-controlled monochromator (TILL Photonics, Planegg, Germany) and a 40× oil-objective at 37°C, 5% CO2. Cells were sequentially excited at 340 and 380 nm every 5 sec by the monochromator. The 510 nm-emission was collected with the charge-coupled device camera and analyzed with the calcium-imaging software, Metafluor (Universal Imaging, West Chester, PA, USA). Calculation of the 340 nm to 380 nm ratios corresponding to [Ca 2+ ]i rises was done on T cells forming prolonged conjugates with APC.
Results
Human CD4
+ T cells require Wiskott-Aldrich syndrome protein for optimal activation by superantigen-loaded antigen-presenting cells + T cells failed to proliferate in response to a dose of 1 ng/mL TSST-1 ( Figure 1C ). Although they did proliferate at higher doses (10 and 100 ng/mL), both the proportion and the number of cell divisions were reduced when compared to control cells ( Figure 1C and Online Supplementary Figure S1A ). The intrinsic ability of WAS T cells to proliferate was not affected since they proliferated normally in response to phytohemagglutinin plus interleukin-2 ( Figure 1C ). It is noteworthy that the proliferative capacity of WAS Vb2 + CD4 + T cells upon APC stimulation was found to be less severely affected than that observed following stimulation with immobilized anti-CD3/CD28 monoclonal antibodies (Online Supplementary  Figure S1A -B). The reduced proliferative capacity of WAS Vb2 + CD4 + T cells was directly attributable to the lack of WASP expression since re-expression of WASP by means of a lentiviral vector led to improved APC-and anti-CD3/CD28 monoclonal antibody-evoked proliferation (Online Supplementary Figure S2A -B). In line with the proliferative defect, when compared to T cells from healthy donors, only half of the WAS T cells produced interleukin-2 at all the TSST-1 doses tested (Online Supplementary Figure  S3 ). The proportion of WAS cells that produced interferon-γ following TSST-1 stimulation was only moderately affected. More importantly, the amount of cytokines (interleukin-2 and interferon-γ) produced per cell, as assessed by mean fluorescence intensity, was strongly reduced in the WAS T cells at each dose of TSST-1 (Online Supplementary Figure  S3 ). The intrinsic ability of the WAS T cells to produce interleukin-2 and interferon-γ did not, however, appear to be compromised, since PMA/ionomycin stimulation resulted in similar percentages of healthy donors' cells and WAS T cells producing cytokines. These data extend previous findings in the murine model of WAS 15 by showing that, in the context of APC stimulation, human CD4 + T cells require WASP for optimal activation.
Aberrant morphology of Wiskott-Aldrich syndrome protein-deficient T cells upon contact with antigen-presenting cells
Given the actin reorganization activity of WASP, we studied the morphology of WAS CD4
+ T cells at contact with APC, following staining of fixed conjugates with fluorescent phalloidin. A majority of control T cells entering in contact with unpulsed APC had a round morphology and Factin was distributed as cortical actin and within short filopodia (morphological category "inert", Figure 2A -B). In contrast, a majority of WAS T cells contacting unpulsed APC displayed activated morphological appearances, including either distorted shapes with actin protrusions away from the APC (morphological category "distorted") or elongated shapes wrapping the APC with one pole enriched in actin (morphological category "kinapse") ( Figure 2A -B). As expected, upon contact with TSST-1-loaded APC, most control T cells displayed a round or slightly flattened shape with short actin-rich protrusions contacting the APC (morphological category "synapse", Figure 2A -B). In contrast again, the majority of WAS T cells contacting TSST-1-loaded APC belonged to the morphological categories "distorted" or "kinapse" (Figure 2A-B) . The aberrant morphology of WAS T cells did not, however, result in a reduced ability to form conjugates with APC (Online Supplementary Figure S4 ). Together, these data suggest that in the context of WASP deficiency, actin reorganization and cell shape remodeling upon APC encounter do not proceed in a tightly controlled or focused way.
Wiskott-Aldrich syndrome protein-deficient CD4 + T cells fail to assemble focused immunological synapses
We then tested the hypothesis that aberrant actin reorganization and morphology of WAS CD4 + T cells may result in the assembly of an IS with abnormal structure and altered signaling capabilities. The size of the mature IS formed after 25 min of conjugation and the distribution of markers of T-cell polarization (MTOC), molecular segregation (CD45) and TCR engagement (phosphorylated tyrosine, pTyr) were investigated by analyzing confocal planes spanning the center of conjugate contact areas and by visualizing 3-D reconstructions of z-stack series. In agreement with the propensity of WAS T cells to adopt a kinapse-type morphology, WAS CD4 + T cells in contact with TSST-1-loaded APC appeared to have a slightly increased IS length as compared to control cells (Figures 3 and 4A) . IS length returned to normal following lentiviral vector-mediated correction of WASP expression. In both healthy donors' cells and WAS CD4 + T cells, contact with TSST-1-loaded APC induced polarization of the MTOC towards the contact area ( Figure 3) . However, measurement of the distance between the MTOC and IS center showed that WAS CD4 + T cells did not fully polarize their MTOC toward the IS center ( Figure 4A ). This defect was directly linked to WASP deficiency since transfer of WAS gene led to full MTOC polarization ( Figure 4A ). Stimulation of healthy donors' cells and WAS CD4 + T cells with TSST-1-loaded APC induced similarly high CD45 exclusion from the synaptic area (Figures 3 and 4A) . We did, however, note that when in contact with unpulsed APC, WAS CD4 + T cells displayed a significant level of CD45 exclusion, which was not observed in control cells. Intense phosphorylation of tyrosine residues was induced in most of the healthy donors' cells and WAS CD4 + T cells upon conjugation with TSST-1-loaded APC (Figure 3) . However, tyrosine phosphorylation in WAS T cells appeared to be more dispersed than that in control T cells and could be detected both inside and outside the confinements of the contact areas ( Figure 3) . When comparing the ratio of pTyr intensity at the IS and that outside the IS, WAS T cells were clearly less efficient than control T cells in enriching pTyr specifically at the IS ( Figure  4A ). The defect in focusing pTyr at the IS was directly attributed to WASP deficiency since WAS gene transfer corrected this defect. Analysis of the pTyr staining fluorescence intensity along the perimeter of WAS CD4 + T cells indicated that, in contrast to control cells, pTyr activation occurred at dispersed islands, both inside and outside the confinements of the IS area (one representative cell is shown in Figure 4B and three additional cells are shown in Online Supplementary Figure S5A) . The dispersed pTyr activation of WAS T cells can also be well appreciated in 3-D animations from additional conjugates (Online Supplementary Videos 1-6 ). Following stimulation with superantigen-pulsed APC, normal T cells displayed a phosphorylated CD3ζ (pCD3ζ) signal at the IS appearing as dots coincident with the pTyr staining (Online Supplementary Figure S5B-C) , thereby indicating a productive engagement of the TCR activation complex. In WAS T cells, although the signal for pCD3ζ appeared weaker, it was observed in association with the pTyr staining both inside and outside the confinements of the IS (Online Supplementary Figure S5B-C) . These data suggest that the sites of TCR signaling follow an abnormally dispersed pattern in WAS T cells. However, this abnormal localization of TCR activation did not result in an abnormal rate of TCR down-regulation (Online Supplementary Figure  S6) . The above-mentioned data revealing incomplete polarization and unfocused activation of WAS T cells were obtained from the study of T cells engaged in conjugates with APC for the intermediate period of 25 min. To provide a kinetic assessment of the WAS T cell phenotype, MTOC polarization and pTyr activation were measured in parallel in WAS and healthy donors' T cells after 10, 25 and 60 min of APC contact. The inability of WAS T cells to fully polarise the MTOC was already present at 10 min and extended over 60 min (Online Supplementary Figure S7) . Interestingly, WAS T cells appeared to have a fairly normal capacity to induce pTyr at the IS after 10 min of contact with superantigen-pulsed APC, but failed to maintain this marker of activation at later time points. Collectively, this spatio-temporal analysis of the IS architecture indicates that WAS T cells fail to properly polarize the MTOC towards the IS center and that although they initially activate pTyr in the confinement of the IS, they fail to sustain active signaling at the IS. whether the abnormal behavior of WAS T cells on contact with APC was associated with a reduced ability to mobilize intracellular calcium. Whereas control CD4 + T cells displayed a rapid and prolonged rise in calcium as they formed a stable contact with APC, WAS CD4 + T cells showed only intermittent increases in calcium, as they were scanning the APC ( Figure 5A and Online Supplementary Video 7, 8) . To assess calcium signaling in WAS CD4 + T cells more precisely, [Ca 2+ ]i fluxes were measured at the single-cell level using the Fura-2 dye. CD4 + T cells interacting with unpulsed APC exhibited either no or only very transient patterns of calcium mobilization (data not shown). As shown by the representative examples depicted in Figure 5C , most control T cells exhibited a rapid and steady burst of calcium mobilization upon encountering a TSST-1-loaded APC. Figure 5D ), indicating that WAS T cells were normally sensitive to TSST-1 at the surface of the APC. However, further analysis confirmed that the calcium levels in WAS T cells were less stable than in T cells from healthy donors since the time spent above a theoretical 50% threshold (half way between maximum Fura-2 ratio and the minimum ratio) was lower in WAS T cells than in healthy donors' cells over a fixed period of time after the initial peak ( Figure 5D ). Furthermore, measurement of the time before a cell reached the 50% threshold after the initial burst of calcium clearly showed that WAS T cells were not able to maintain a sustained intracellular calcium level following APC contact ( Figure 5F ). In conclusion, our data clearly indicate that WAS WASP drives immunological synapse focusing haematologica | 2011; 96 (10) 1419 ]i similarly to control cells, but that they fail to maintain a sustained calcium flux, necessary for optimal T-cell activation.
Abnormal behavior and erratic intracellular calcium mobilization in
Discussion
By providing a comprehensive view on the contribution of the actin regulator WASP to IS assembly, this study contributes to a better understanding of the complex interplay between actin dynamics and the regulation of TCR-driven signaling. Time-lapse and 3-D microscopy analysis of primary T-cell lines derived from WAS patients showed that WASP is required for the morphological stabilization of T cells upon APC encounter. In association with their aberrant morphology, WASP-deficient T cells assemble a poorly focused IS, characterized by incomplete polarization, spatially dispersed TCR signaling and erratic calcium mobilization. These defects may underline, at least in part, the functional defect of WAS T cells which are characterized by reduced proliferation and cytokine production.
The elongated morphology of WAS T cells upon APC conjugation supports the notion that WASP is not necessary for the formation of the lamellipodium during IS assembly, a step that appears to be under the control of the WASPfamily protein WAVE2. 13 Murine models have yielded contradictory results on whether WASP participates in the cytoskeletal architecture of the IS. 14, 15, 19 Our live and 3-D microscopy data on T cells from WAS patients strongly support a major role of WASP in shaping the T-cell cytoskeletal architecture during an APC encounter and IS assembly. Indeed, WAS T cells display an aberrant morphology, form abnormal actin-rich protrusions and polarize their MTOC incompletely. This phenotype is consistent with the disorganized cytoskeleton polarization of WASP-deficient T cells in response to immobilized anti-CD3 monclonal antibody 20 and chemokines. 21 It is also in line with the finding that Arp2/3 knocked-down T cells produce disorganized actinrich protrusions over the APC surface. 22 The incomplete polarization of the MTOC is also in agreement with the reduced ability of cytotoxic T lymphocytes from WAS patients to fully polarize their lytic granules towards the IS center. 18 The observation that a substantial proportion of WAS T cells is abnormally elongated and motile at the contact with APC is reminiscent of the recently described motile synapse, termed kinapse and characterized as a moving adhesive junction, with a leading lamellipodium. 23 A role for WASP in setting a synapse behavior, rather than a kinapse behavior, is supported by the finding that WASP promotes IS symmetry to counteract PKC-θ-mediated IS destabilization, in a model of naïve WASP-KO T cells interacting with lipid bilayers presenting peptide-MHC complexes. 16 However, the aberrant actin structures observed in a number of WAS T cells suggest that WASP deficiency does not simply result in the formation of physiological kinapses as an alternative to classical synapses, but rather results in the formation of non-physiological unstable synapses.
Our data show that even if WAS T cells assemble unstable synapses, they maintain the ability to form prolonged conjugates with APC, as previously reported, 13, 15, 24 and to engage their TCR. Activation defects in WAS T cells are, therefore, most likely related to the abnormal IS structure and molecular organization. Our study strongly suggests that WASP links controlled remodeling of actin-rich structures at the IS and positioning of the MTOC to the distribu-haematologica | 2011; 96(10) tion of signaling complexes during TCR activation. This is in part supported by the fact that the WAS T-cell polarization defect appears to precede the activation defect. Indeed, our kinetic study indicates that the reduced ability to polarize the MTOC towards the APC is already present early after conjugate formation, while pTyr activation is normally focused within the early IS, but then becomes abnormally spread at later times. The distribution of pTyr staining outside the IS confinement in WAS T cells is in accordance with the role of Arp2/3-dependent actin remodeling in promoting central TCR/MHC accumulation. 25 Very interestingly, the actin cytoskeleton has recently been proposed to play a key role in the formation and motility of TCR microclusters observed in T cells contacting planar membrane bilayers as surrogate APC. 26 Although we could not assess whether WASP participates in actin-driven TCR microcluster dynamics in T-cell/APC conjugates, we did verify that the dots of pTyr activation were coincident with the activation of the TCR/CD3 complex, as revealed by specific staining for pCD3ζ. It remains to be investigated whether the abnormal spatial activation of WAS T cells applies to other key signaling molecules of the TCR activation complex. The dispersed distribution of TCR-driven activation may prevent coordinated signal integration, thereby resulting in the erratic pattern of calcium mobilization observed in WAS T cells. Indeed, the flux of [Ca 2+ ]i has been shown to result from the collection of individual TCR stimulation events occurring at the IS. 27 If, in addition, one considers the high motility of WAS T cells on APC, it is possible that the dispersed foci of pTyr are transient and only deliver short shots of activation. Such a dispersed and transient activation pattern could prove sufficient to induce efficient TCR internalization, similarly to the situation described for motile naïve T cells in lymph nodes. 28 However, it may not enable sustained calcium mobilization. This hypothesis is supported by the finding that recently activated T cells forming kinapses in vivo engage their TCR efficiently but fail to accumulate the signaling molecule LAT at the IS and emit only short calcium spikes. 29 Since an initial wave of [Ca 2+ ]i is required for the stop signal 30 and since the [Ca 2+ ]i signaling pattern regulates the shape and stability of T cells contacting APC, 31 it may be argued that a primary defect in calcium mobilization is responsible for the phenotype of WAS T cells. However, ]i strongly indicates that the abnormal calcium mobilization pattern is a consequence rather than a cause of the disorganized WAS T-cell IS. Previous studies have failed to detect major TCR proximal signaling defects in WASP-deficient T cells, apart from a partially reduced calcium mobilization. 9, 32 Our data strongly suggest that this global reduction is due to erratic calcium mobilization at the single cell level. It is conceivable that this abnormal pattern of calcium mobilization plays a major role in the reduced activation of WASP-deficient T cells following antigen stimulation. In the context of APC, the proliferation and cytokine production defects of WASP-deficient CD4 + T-cell lines appeared less pronounced than those previously observed after stimulation with anti-CD3/CD28 monoclonal antibodies (Online Supplementary Figure 1A-B) , and would, therefore, be compatible with the observed calcium mobilization defect. In agreement, studies conducted in WASP-KO mice have shown only partially reduced to even normal T-cell proliferation or interleukin-2 production in response to APC stimulation. 15, 33, 34 Furthermore, reduction in proliferation and production of cytokines has been attributed to, at least in part, compromised TCR-mediated NFAT-transcriptional activation, 8, 35 a pathway highly sensitive to fluctuations in [Ca 2+ ]i. 36 In conclusion, our study shows that, following an APC encounter, the actin regulator WASP controls spatial confinement of TCR activation at the IS. Our data further link focused TCR activation to sustained calcium flux and downstream activation. In apparent contrast with our findings, a role for WASP in the nucleus of T cells has been recently established, showing that it controls the transcriptional regulation of T-bet at the chromatin level. 17 We, therefore, need to consider that WASP may play parallel but non-redundant roles in distinct intracellular compartments, converging towards a fine-tuning of key signaling pathways and transcriptional programs. 
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